N-continuous orthogonal frequency division multiplexing (NC-OFDM) is a promising technique to obtain significant sidelobe suppression for baseband OFDM signals, in future 5G wireless communications. However, the precoder of NC-OFDM usually causes severe interference and high complexity.
Thus, power leakage due to sidelobes, which is also known as out-of-band power emission, causes severe interference to adjacent channels [6] , especially in cognitive radio (CR) and carrier aggregation (CA) combined 5G systems [4] , [5] .
For improving conventional OFDM in out-of-band emission, various methods have been proposed for sidelobe suppression [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The windowing technique in [7] extends the guard interval in the price of a reduction in spectral efficiency. Cancellation carriers [8] , [9] consume extra power and incur a signalto-noise ratio (SNR) loss with high complexity. In the precoding methods [10] [11] [12] , complicate decoding algorithms are required to eliminate the interference caused by the precoders.
NC-OFDM techniques [13] [14] [15] [16] [17] [18] [19] smooth the amplitudes and phases of the OFDM signal by making the OFDM signal and its first N derivatives continuous (so-called N-continuous). Conventional NC-OFDM [13] obtains the N-continuous signal at the expense of high interference. Aiming at optimizing the frequency domain precoder in [13] , Beek et al. proposed the memoryless scheme in [14] and the improved scheme [15] nulling the spectrum at several chosen frequencies. On the other hand, to enable low-complexity signal recovery in NC-OFDM, several approaches have been proposed [16] [17] [18] . However, similar to the precoding techniques, the existing NC-OFDM techniques need robust signal recovery algorithms for reception. Among them, some methods degrade system performance, such as peak-toaverage-power ratio (PAPR) growth in [14] and high complexity of transmitter in [16] , [17] .
In this paper, to reduce the interference of the NC-OFDM signals and obtain a low-complexity transceiver, we propose a low-interference time-domain N-continuous OFDM (TD-NC-OFDM) based on the conventional TD-NC-OFDM [19] . A smooth signal is superposed in the front part of each OFDM symbol to achieve N-continuous OFDM signal, including smoothing both edges of the transmitted signal.
The smooth signal is linearly combined by the basis vectors in a basis set, which is composed of the rectangularly pulsed OFDM basis signals truncated by a smooth window function for an example.
Furthermore, we give rise to analyses of spectrum, complexity and signal-to-interference-plus-noise ratio (SINR) in the low-interference TD-NC-OFDM. Among them, an asymptotic expression of PSD of the TD-NC-OFDM signal is first obtained, where the sidelobes asymptotically decay with f −N −2 , when the first N derivatives of the OFDM signal are all continuous. Then, we compare the complexity among NC-OFDM, TD-NC-OFDM and its low-interference scheme, to show the complexity reduction of the proposed lowinterference scheme. The closed-form expression of the received SINR of the low-interference scheme is also calculated to show the slight SNR loss. Simulation results show that the low-interference scheme can achieve as notable sidelobe suppression as NC-OFDM method [13] with excellent bit error rate (BER) performance and low complexity.
The remainder of the paper is organized as follows. In Section 2, the OFDM signaling is briefly introduced, the traditional NC-OFDM is reviewed. Section 3 proposes the low-interference TD-NC-OFDM model, gives the linear combination design of the smooth signal with a new basis set, and describes the transmitter. In Section 4, the effect of the low-interference TD-NC-OFDM on sidelobe decaying and the received SINR is analyzed as well as the computational complexity of the transceiver. Finally, Section 5 draws concluding remarks. 
II. SYSTEM ASPECTS AND N-CONTINUOUS OFDM

A. OFDM signaling
In a baseband OFDM system, the input bit stream of the ith OFDM symbol is first modulated onto an uncorrelated complex-valued data vector
T drawn from a constellation, such as phase-shift keying (PSK) or quadrature amplitude modulation (QAM). The complex-valued data vector is mapped onto K subcarriers with the index set K = {k 0 , k 1 , . . . , k K−1 }. An OFDM signal is formed by summing all the K-modulated orthogonal subcarriers with equal frequency spacing ∆f = 1/T s , where T s is the OFDM symbol duration. The ith OFDM time-domain symbol, assuming a normalized rectangular time-domain window R(t) [10] , can be expressed as
where T cp is the cyclic prefix (CP) duration. Then, in the time range of (−∞, +∞), the transmitted OFDM signal s(t) can be written as
where T = T s + T cp .
After the OFDM signal is oversampled by a time-domain sampling interval T samp = T s /M , the discrete-time OFDM signal is expressed as
where m ∈ M = {−M cp , . . . , 0, . . . , M − 1}, and M cp is the length of CP samples.
B. N-continuous OFDM
To improve the continuity of the time-domain OFDM signal, the conventional NC-OFDM [13] introduces a frequency-domain precoder to making the OFDM signal and its first N derivatives continuous.
NC-OFDM follows thatȳ
wherex i,kr is the precoded symbol on the rth subcarrier, andȳ i (t) is the nth-order derivative ofȳ i (t) with n ∈ U N = {0, 1, . . . , N }.
Based on (4) and (5), the precoding process can be summarized as
where I K is the identity matrix,
. . , e jϕkK−1 ), and ϕ = −2πβ with β = T cp /T s . Figure 1 
III. PROPOSED LOW-INTERFERENCE SCHEME OF TD-NC-OFDM
Conventional TD-NC-OFDM [19] and Conventional NC-OFDM [13] cause high interference, which is needed to be reduced by complicate signal recovery algorithms [13, 16, 18] . As show in Figure 2 (a), the interference term, defined as the smooth signal w i (m), is located in the whole time-domain in the conventional TD-NC-OFDM as well as NC-OFDM . To eliminate the interference and simplify the 
w i (m) is the linear combination of the first N+1 basis vectors in a basis set Q, written as
where
with the length of L, and the basis set Q is given by
where U 2N = {0, 1, . . . , 2N }. In (9), the design of the basis signalfñ(m) and the calculation of the
T will be specified as follows.
To guarantee the smoothness ofw i (m) and to obtain the N-continuous signal, an example of designing
and g h (m) is the right half part of a baseband-equivalent window function g(m). Thus, the discontinuity at the adjacent point between two consecutive OFDM symbols can be eliminated byw i (m) from only a single side of the adjacent point. Under the constraint of g h (m), the interference caused byw i (m) can be limited to the front section of the OFDM symbol. In order to satisfy (9) , g(m) should be considered as a smooth and zero-edged window function, such as a triangular, Hanning, or Blackman window function.
On the other hand, the linear combination coefficients b i,n in (9) can be calculated as
where Pf is a (N + 1) × (N + 1) symmetric matrix related to Q with element Pf
for n = 0. , P 1 , and P 2 , can be calculated and stored in advance. Then, the data is first mapped and transformed to the time domain by the IFFT. Furthermore, the oversampled OFDM signal is appended by a CP. Finally, under the initialization of y −1 = 0, the smooth signal is added onto the OFDM signal constructed by M s OFDM symbols y i to generate the following transmit
IV. ANALYSIS OF SPECTRUM AND COMPLEXITY
A. Spectral Analysis
According to the definition of PSD [12] and the relationship between spectral roll-off and continuity [20] , the PSD of the OFDM signal processed by the low-interference scheme is achieved as follows.
All the derivatives of the OFDM signal s(t) are known to exist except for around the two edges and on the points between adjacent OFDM symbols. Meanwhile, except for these non-differentiable points, the smooth signal also possesses derivatives of all orders, according to the existence of all the derivatives of the basis functionf n (m). Then, we assume that at non-differentiable points, the first N-1 derivatives of the smoothed OFDM signals(t) are continuous, and the Nth-order derivatives (N ) (t) has finite amplitude discontinuity. We also suppose that all the derivatives ofs(t) approach zeroes , which corresponds to (14) . Firstly, based on [20] , we can obtain
Furthermore, sinces (N ) (t) has finite amplitude discontinuities, by setting u =s (N −1) (t) and dv = e −j2πf t dt in the above expression, we arrive at
Becauses (N ) (t) has finite amplitude discontinuities at the adjacent points, from (2),s (N ) (t) can be written ass
It is inferred in (17) that the Nth derivativeȳ (t) can be assumed being windowed by the rectangular function R(t). Therefore, based on the definition of PSD, (16) , and (17), the PSD ofs(t) can be expressed
Eq. (18) indicates that the spectrum of the TD-NC-OFDM signal is related to the expectation ofȳ
and f −N . In this paper, the conventional Blackman window function is used as an example, given as g(t) = 0.42 − 0.5 cos (2πρt) + 0.08 cos (4πρt) where ρ = 1/ ((2L − 2)T samp ). By substituting (9), (11), (12) , and (14) into (18), the PSD of the smoothed OFDM signal in low-interference scheme is expressed by
where Gn(f ) is given by
and µ = T p /T s .
Eq. (19) shows that the power spectral roll-off of the smoothed signal, whose first N-1 derivatives are continuous, decays with f −2N −2 . Moreover, Gn(f ) reveals that the sidelobe is affected by the length of g(t), so that a rapid sidelobe decaying can be achieved by increasing the length of g(t). Figure 4 compares the theoretical and simulation results of the low-interference scheme with a window length of 144. It is shown that the simulation results match well with the theoretical analyses. 
B. Complexity Comparison
Firstly, we consider the complexity of the transmitter. In NC-OFDM, its frequency-domain precoder requires 2K 2 complex multiplications and 2K 2 complex additions as indicated in (6) . In TD-NC-OFDM Secondly, the complexity of the receiver is shown in Table I . For NC-OFDM, an iterative signal recovery algorithm [13] is used to eliminate the interference. Due to the equivalence between NC-OFDM and TD-NC-OFDM, the signal recovery algorithm is also desired in TD-NC-OFDM with identical complexity. In the low-interference scheme, the receiver is the same as in original OFDM without extra signal recover processing.
Assume that a complex addition is equivalent to two real additions; a complex multiplication to four real multiplications plus two real additions; and a real-complex multiplication to two real multiplications. The complexity comparison among NC-OFDM, TD-NC-OFDM and the low-interference scheme is shown in Table I , where L R denotes the number of iterations in the signal recovery algorithm [13] . 
The low-interference scheme considerably suppresses the sidelobes shown in Figure 4 . Simultaneously, since the length of the smooth signal L is often as short as the CP length or shorter in real systems, the low-interference scheme is of lower transmitter complexity than NC-OFDM and the conventional TD-NC-OFDM. Moreover, its complexity is comparable to M-point IFFT. On the other hand, the low-interference scheme just requires the receiver of original OFDM, and avoiding extra processing in NC-OFDM and TD-NC-OFDM receivers.
C. SINR Analysis
One disadvantage of NC-OFDM is that the transmit signal is easily interfered by the smooth signal.
Thus, a measure is needed to evaluate the interference in terms of the SNR loss. In this section, we investigate the SINR of NC-OFDM, and demonstrate the effectiveness of the proposed low-interference scheme in reducing the SNR loss, based on the analysis of the average power of the smooth signal.
In a multipath channel with time-domain coefficients hl in thelth path, the ith received time-domain OFDM symbol r i (t) is given by
where τl is the time delay in thelth path, and n i (t) is the AWGN noise with mean zero and variance
Thus, the average power of the OFDM symbol vector y i is
To mitigate the performance degradation in conventional TD-NC-OFDM, the proposed low-interference scheme is analyzed by exploring the distribution ofw i (l) in the multipath fading channel. As illustrated in Figure 5 , different channel paths with varying time delays lead to varyingw i (l). With the increased time delay, the delayed tail ofw i (l) is prolonged and the interference increases. The interferencesw i (l)
are composed of the delayed tails in all the paths, whose powers are much smaller than the conventional TD-NC-OFDM and NC-OFDM. Thus, the average power ofw i (l) in thelth path is calculated by
where gl is the delayed tail of g in thelth path and Qfl = glQ f .
The derivation of Tr E w H iw i is shown in Appendix A.
Therefore, in all the paths, the average power of these delayed tails is expressed bỹ
Finally, from (21)- (23), the received SINR γ SIN R is obtained by 
VI. CONCLUSION
In this paper, a low-interference TD-NC-OFDM was proposed to reduce the interference and implementation complexity as opposed to the original TD-NC-OFDM and NC-OFDM. By adding the smooth signal, the N-continuous signal was obtained by the low-interference scheme. The smooth signal was designed by the linear combination of a basis set, which is generated by rectangularly pulsed OFDM basis signals truncated by a smooth window. Furthermore, using the continuity criterion, a closed-form spectrum expression was derived in the low-interference TD-NC-OFDM, which had more rapid decaying than [20] . Then the complexity of the low-interference scheme was measured. The received SINR is also measured by deriving the closed-form expression. Simulation results showed that the low-interference scheme was capable of effectively suppressing sidelobes as well as NC-OFDM and TD-NC-OFDM but with much better BER performance and much lower complexity. In this sense, the low-interference TD-NC-OFDM is a promising alternative to conventional NC-OFDM in future cognitive radio and carrier aggregation combined 5G systems. For ease of exposition, Eq. (13) is rewritten as
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